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A vacuum evaporation method, proposed by the authors to reduce the water content more quickly than by air drying, was applied to
six saturated reconstituted cohesive soil samples to investigate shrinkage and desaturation properties during desiccation. The test
conditions were a vacuum pressure of pv¼93.9 to 97.5 kPa, a consolidation pressure of sv¼68.6–392 kPa, an initial water content
of w0¼0.59–0.92 wL, and an initial surface area of the specimen of As0¼20–205 cm2, where wL is the liquid limit. The results obtained
for these restricted conditions are as follows. The vacuum evaporation of pore water from the soil occurs at a vacuum pressure higher
than about 93 kPa (9pv9493 kPa), but the evaporation process is very slow. The minimum void ratio, emin, at the no-shrinkage phase
of the soil subjected to the vacuum pressure, becomes a constant value. The relations eminE1.15 es and wsE87(emin/Gs) are obtained,
where es is the void ratio corresponding to the shrinkage limit, ws, and Gs is the speciﬁc gravity of the soil particles. Using the vacuum
evaporation method, the continuous relations for we, wV/V0, and wSr are more easily and more rapidly obtainable than with the
conventional method by air drying. These three relations were formulated using two parameters, namely, an experimental parameter
that is simply obtained using vacuum evaporation tests and a parameter that can be assumed and determined easily. The three
formulated relations show a good agreement with the experimentally obtained results. Furthermore, if the basic physical parameter, ws,
has already been obtained, then the three relations can be estimated roughly without the performance of any tests.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The shrinkage limit obtained from shrinkage parameter
tests (BS 1377-2: 1990, ASTM D4943-08: 2008, JIS A 1209:
2009) and a shrinkage curve, expressing volumetric shrinkage13 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.12.003
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nder responsibility of The Japanese Geotechnical Society.with a decreasing water content, are important soil shrinkage
properties. As shrinkage progresses, the degree of soil satura-
tion decreases. The properties of shrinkage and desaturation,
with a decreasing water content, are the fundamental proper-
ties of unsaturated soil. Factors inﬂuencing the shrinkage
properties are the soil structure, the initial water content, the
type of clay mineral, the clay content, the organic matter
content, the kind and concentration of the cation of the pore
water, the drying conditions, etc. (Japanese Geotechnical
Society (JGS), 2009). In recent years, the slope failure of
unsaturated soil has occurred in many locations due to heavy
local rains exacerbated by climate change. Knowledge ofg by Elsevier B.V. All rights reserved.
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ing evaluations of the strength and the deformation of
unsaturated soil and for making advancements in the seepage
analyses of unsaturated grounds.
Shrinkage curves are generally portrayed, as shown in
Fig. 1(a) and (b), as the relation between w and V/V0
for two soil conditions. In the ﬁgure, V stands for the soil
volume, V0 is the initial volume, V/V0 denotes the ratio of
volume, (V/V0)min signiﬁes the minimum ratio, w repre-
sents the water content, w0 is the initial water content, wL
is the liquid limit, ws denotes the shrinkage limit, and Sr is
the degree of saturation. Fig. 1(a) and (b) presents the
slurry and the undisturbed conditions of the soil, respec-
tively. In Fig. 1(a), the shrinkage curve for the slurry
condition is divided into three phases, namely, normal
shrinkage, residual shrinkage, and no shrinkage (Hanes,
1923; Stirk, 1954). In the stage of normal shrinkage,
Sr=100% is maintained and the rate of decrease in volume
with the decrease in soil moisture is constant. In the stage
of residual shrinkage, the rate gradually becomes smaller.
Finally, in the stage of no shrinkage, the volume does not
decrease even if the moisture decreases. However, as
presented in Fig. 1(b), for the undisturbed condition with
a developed soil structure, structural shrinkage is added to
the curve. It consists of four phases (Peng and Horn, 2005;
Stirk, 1954).
The shrinkage limit, ws, is deﬁned as the water content at
which the soil volume does not decrease even if the soil waterV/V0
1
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Fig. 1. Shrinkage curves. (a) Slurry condition and (b) undisturbed
condition.content decreases. However, in shrinkage parameter tests, as
presented in Fig. 1(a), the intersection of a normal shrinkage
line with the saturated condition, Sr¼100%, and a no-
shrinkage line with minimum volume is determined as the
shrinkage limit. The JIS test procedure for soil with particles
smaller than 425 mm is shown below. Slurry clay, with an
initial water content of w0EwL, is put into the shrinkage
dish. The typical size of a shrinkage dish is 45 mm in internal
diameter and 13 mm in depth. The specimen here has an
initial volume of V0E20 cm
3 and an initial mass of
m0E30 g. The initial top surface area is As0E16 cm
2. After
air-drying, oven drying is performed on the sample until the
top surface color of the specimen changes to a light color,
and the mass and the minimum volume, Vmin, are deter-
mined. The value of Vmin is calculated using the wax method
by which a specimen is coated with parafﬁn wax and
weighed in air and in water separately. In this test, the
drying process might take several days and a shrinkage
curve, like that presented in Fig. 1(a), is not usually required.
Watahiki (1986, 1987, 1989, 1990, 1991) conducted shrink-
age parameter tests by air drying Kaolin clay with the slurry
condition. The main results are presented herein. The value
of ws becomes larger for higher w0. However, conditions
such as the shrinkage dish size and shape, the rate of air
drying, and the drying temperature are negligible when
estimating the value of ws.
Kazama and Takahashi (1998) reported the shrinkage
curve obtained using air drying with samples of four slurry
clays and reconstituted Kaolin clay. Here, many specimens
were used to draw the shrinkage curve. Therefore, the
obtained data were scattered slightly. The main results were
as follows. In reconstituted clay, residual shrinkage was not
recognized clearly in the shrinkage curve. Regarding the
relation of the void ratio and the water content, a unique
shrinkage curve was obtained that was independent of the
initial water content. Several shrinkage curve models have
been proposed (e.g., McGarry and Malafant, 1987;
Crescimanno and Provenzano, 1999; Peng and Horn, 2005).
McGarry and Malafant (1987) divided the shrinkage curve
into structural shrinkage, normal shrinkage, and residual
shrinkage and proposed a three-straight-line model with 3–5
ﬁtting parameters. Peng and Horn (2005) formulated an
equation for the shrinkage curve that was applicable to clay
under the conditions of undisturbed clay, reconstituted clay,
and paste clay based on the equation for predicting the water
retention curve of van Genuchten (1980). Three ﬁtting
parameters are necessary for this model. In the above models,
a great amount of experimental data must be used to
determine the parameters, and they are not easily obtainable.
Air drying, for which the test time is extremely long, is
used to obtain the shrinkage curve. However, a vacuum
evaporation method was proposed by which the soil water
content can be reduced quickly (Umezaki and Kawamura,
2000; Inoue et al. 2005; Umezaki et al. 2008). To avoid
confusion with the term vacuum ‘‘consolidation’’, which
means drainage and dewatering, as a ground improvement
method, the authors have designated the vacuum
T. Umezaki, T. Kawamura / Soils and Foundations 53 (2013) 47–63 49‘‘evaporation’’ method, by which pore water evaporates
from a soil surface that has been subjected to negative
pressure supplied by a vacuum pump. This method is also
effective for preparing unsaturated specimens (Inoue et al.
2005; Umezaki et al. 2008). Kato et al. (2006) also applied
our method to the preparation of unsaturated specimens of
Kaolin clay with Sr0¼50–60% and w0¼16.4–21.2%,
where Sr0 is the initial degree of saturation. They discussed
the strength properties of the unsaturated clay.
In this paper, a vacuum evaporation method was
applied to six saturated reconstituted cohesive soil samples.
Then, the properties were investigated, along with a
modeling for shrinkage and desaturation with a decreasing
water content. The vacuum pressure, which is negative
pressure supplied using a vacuum pump, and the saturated
vapor pressure are shown as gauge pressures for which
the atmospheric pressure is zero. High vacuum pressure
means that its absolute value is large. Therefore, an
increase in vacuum pressure signiﬁes that the pressure
has decreased.Table 1
Soil samples.
rs
(g/cm3)
IP wL
(%)
wP
(%)
ws
(%)
Clay
fraction
(%)
Silt
fraction
(%)
Sand
fraction
(%)
NSF clay 2.726 40.8 73.9 33.1 34.0 85.5 14.5 0
Kaolin clay 2.630 37.2 72.6 35.4 35.2 79.7 20.3 0
Kasaoka
clay
2.702 35.1 58.5 23.3 11.8 74.5 24.3 1.2
Kurita clay 2.622 30.5 56.4 25.9 17.0 49.2 39.2 11.6
Wakasato
silt
2.665 21.3 44.8 23.5 19.0 32.5 52.3 15.2
Chikuma
River silt
2.686 12.0 36.3 24.3 21.3 26.5 56.8 16.7
1002. Vacuum evaporation tests
2.1. Test apparatus and specimens
An outline of the vacuum evaporation method is
portrayed in Fig. 2. A vacuum pump reduces the pressure
in the vacuum desiccator (in which the specimen is placed)
to near the saturated vapor pressure of water. Pore water is
evaporated from the specimen surface. The water content
decreases more rapidly than by air-drying. Then, the
volume and the degree of saturation also decrease. The
phenomenon by which evaporation occurs when the
vacuum pressure is slightly lower than the saturated vapor
pressure is equivalent to that of evaporation from hot
water occurring when the temperature in a room is lower
than 100 1C.
In this paper, the test apparatus consists of a vacuum
desiccator (inner diameter of 240 mm and height of
185 mm), a vacuum regulator, a vacuum pressure meter,
and a vacuum pump (motor power of 200 W and pumping
speed of 50 L/min). De-aired pure water and saturatedVacuum gauge
Glass plate
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0
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Fig. 2. Vacuum evaporation method.reconstituted cohesive soil were used for the specimen. De-
aired pure water was produced by sufﬁcient de-airing
through the application of vacuum pressure higher than
96 kPa (9pv9496 kPa). When the de-airing treatment
was conducted for a long time, the water decreased little by
little because of evaporation. If the de-airing treatment is
insufﬁcient, air bubbles will be generated in the water
because of vacuum pressure during the test. The bubbles
will break and the water will scatter. Therefore, the surface
area of the de-aired pure water cannot be controlled.
Moreover, in such a case, the evaporation rate becomes
higher than in the case with a sufﬁcient de-airing
treatment.
Table 1 and Figs. 3 and 4 show the characteristics, a
grain size accumulation curve, and a plasticity chart,
respectively, for the six cohesive soil samples. In the table
and ﬁgures, rs represents the soil particle density, IP is the
plasticity index, and wP is the plastic limit. In Table 1, the
samples are shown in order of IP and the clay fraction.
NSF clay and Kaolin clay are intended for industrial use.
Kasaoka clay, fabricated from crushed mudstone taken
from an area near Kasaoka City, Okayama, Japan, is
typically used for civil engineering works. Kurita clay,0.001 0.01 0.1 1
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Fig. 3. Grain size distributions of soil samples.
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Fig. 4. Plasticity chart of soil samples.
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sampled from Nagano City, Japan. For NSF clay and
Kaolin clay, the values of wP and ws are nearly equal.
Toyoda et al. (1996) compared the shrinkage limits and the
plastic limits of 17 soils with wL¼29–101%, wP¼14–56%,
and ws¼14–41%. The results show that the values of ws in
seven soil samples were wsZwP. Wakasato silt and
Chikuma River silt differ from the other clays in that their
silt fractions are greater than 50% and their values of IP
are less than IP¼25. As depicted in Fig. 3, the shapes of
the grain size accumulation curves for the two silts differ
from those of NSF clay, Kaolin clay, and Kasaoka clay.
That of Kurita clay is situated between those two groups.
As portrayed in Fig. 4, the silts are located at the left side
of the B line, where compressibility and plasticity are low
and where permeability is high. Kaolin clay is located
under the A line, where the soil is classiﬁed as silt.
Although Wakasato silt is located over that line, authors
call it silt because the silt fraction is greater than 50%.
Saturated reconstituted cohesive soil was produced as
follows. After de-airing the slurry sample (wE1.5–2 wL)
for 3 h, one-dimensional consolidation was conducted at a
ﬁxed consolidation pressure (sv¼68.6–392.0 kPa). The
consolidation time was determined using the 3t method
and the saturated soil sample (w0¼0.59–0.92 wL) was
prepared. Then, a large cylindrical specimen (initial dia-
meter and height of d0¼4.0–8.1 cm and h0¼4.0–6.0 cm)
was fabricated using a trimming method with a thin wire
saw. A small specimen (d0¼2.4 cm, h0¼1.6 cm) was
produced using a small cutter ring coated with thin silicone
grease. No inﬂuence of the grease was apparent because
the same results were obtained for both large and small
specimens.
2.2. Test cases and procedures
The test cases are described in Tables 2 and 3. The main
emphasis of this paper is to explain the kind of soil, thevacuum pressure, the consolidation pressure, the initial
water content, and the initial surface area of the soil as
inﬂuencing factors. All tests were conducted in a thermo-
static chamber with a room air temperature of 2371 1C,
in which the saturated vapor pressure at 23 1C is
pe=98.5 kPa.
Table 2 shows the test cases for de-aired pure water in
which the vacuum pressure increases, which means that the
pressure decreases in stage loading. The tests were con-
ducted to determine the vacuum pressure at which the
vacuum evaporation begins. The vacuum pressure
increased gradually from 85.0 kPa, which is about 86%
of pe at 23 1C. The vacuum desiccators, holding the
specimen, were placed on a scale, which can weigh the
specimen with an accuracy of 0.01 g. The amount of
evaporation of a specimen was calculated from the overall
change in mass. The change in volume was not measured.
Relative humidity and temperature in the desiccator were
also measured using a humidity/temperature meter. Glass
containers of ﬁve sizes, with different cross-sectional areas
(As0¼0.9–183.9 cm2), were used. The initial height of
h0¼3.0 cm was the same and the initial mass was
m0¼2.1–496.0 g. The amount of evaporation in the smal-
lest glass container, As0¼0.9 cm2, was extremely small.
Therefore, 15 containers were used for one desiccator to
measure the total change in weight. The amount of
evaporation was calculated as the average value of the
total weight.
Table 3 shows the test cases for the constant vacuum
pressure tests for the saturated reconstituted cohesive soil.
For a detailed discussion on the changes in water content,
void ratio, and degree of saturation of the soil, constant
vacuum pressure was used for all specimens. Specimens
with two different ranges in initial water content (w0/wL¼
0.59–0.75 and 0.75–0.92), initial surface area (As0¼20–21
and 113–210 cm2), and initial mass (m0¼11–14 and 144–
384 g) were used for the six cohesive soils. The vacuum
pressure was determined based on the results presented in
Table 2. As shown in Fig. 2, the specimen was placed on a
net in a vacuum desiccator to facilitate evaporation from
all the specimen surfaces. Then, the ﬁxed vacuum pressure
was applied. The vacuum pressure was measured at regular
intervals. After the vacuum pressure was canceled, the
specimen was removed from the desiccator. Then, the
specimen weight, diameter, and height were measured.
After the tests, the oven-dried weight of the specimen was
measured. The small specimen was measured using a
precise scale with which it is possible to weigh the specimen
with an accuracy of 0.001 g. The others were weighed with
an accuracy of 0.01 g. Measurements of the diameter and
the height were conducted at 3–6 places using a digital
height gauge and a digital slide gauge, which can each
measure the specimen length with an accuracy of 0.01 mm.
Then, the specimen volume was calculated. In some test
cases, the relative humidity and the temperature in the
desiccator were also measured using a humidity/
temperature meter.
Table 3
Test cases for reconstituted cohesive soil.
pv (kPa) w0/wL (sv (kPa)) (d0, h0) (cm) As0 (cm
2) m0 (g)
NSF clay 93.9,95.5, 0.63–0.72 (196.0, 294.0) (6.7, 4.0), (7.8–8.1, 4.0–4.1) 153.9, 192.8–205.2 228.8–231.8, 330.4–360.8
96.0,97.5 0.76–0.80 (49.0, 98.0) (2.4, 1.6), (6.7, 4.0),
(8.0, 4.0)
20.8, 152.6–154.0, 201.0 11.8, 227.3–228.5, 337
Kaolin clay 96.5,97.0, 0.69–0.75 (196.0, 294.0) (2.4, 1.6), (8.0, 4.0) 21.1, 197.8–202.7 11.1–11.9, 328.6–343.2
97.5 0.79–0.92 (49.0, 98.0) (2.4, 1.6), (5.0, 4.9),
(8.0, 3.8–4.1)
21.0, 112.8, 194.8–201.7 11.1–11.3, 143.5, 309.7–334.0
Kasaoka clay 95.0,96.3,
97.5
0.73–0.74 (294.0) (2.4, 1.6), (6.0, 6.0) 20.8–21.1, 167.3 12.5–12.9, 295.2
0.88–0.90 (98.0) (2.4, 1.6), (6.0, 5.0) 20.9–21.0, 150.6 12.1–12.2, 238.1
Kurita clay 94.2,96.3,
97.0,97.3
0.59–0.74 (98.0, 196.0) (2.4, 1.6), (6.7, 4.0),
(8.0–8.1, 4.0–4.1)
20.3–21.1, 153.4, 198.8–205.4 12.5–13.7, 241.9, 369.0–384.1
0.77–0.79 (68.6) (2.4, 1.6), (6.0, 6.0) 20.7–21.0, 166.4 12.5–12.6, 291.7
Wakasato clay 96.1, 96.3,
96.8
0.71–0.72 (147.0) (2.4, 1.6), (6.0, 5.1) 20.8–21.0, 150.8 13.3–13.5, 266.3
0.79–0.81 (68.6) (2.4, 1.6), (5.9, 5.0) 21.1–21.2, 146.8 13.2, 253.1
Chikuma River silt 93.9, 96.4 0.69, 0.74 (392.0) (2.4, 1.6), (6.0, 5.0) 20.0–20.7, 150.0 12.9–13.7, 274.9
0.77–0.81 (98.0) (2.4, 1.6), (6.0, 4.7) 20.1–20.7, 143.7 13.4–13.6, 256.3
Table 2
Test cases for de-aired pure water.
pv (kPa) (d0, h0) (cm) As0 (cm
2) m0 (g)
De-aired pure water 85.0 to
97.0
(1.0, 3.0), (3.2, 3.0), (6.2, 3.0), 0.9, 8.0, 30.2, 2.1, 21.6, 81.5,
(8.5, 3.0), (15.3, 3.0) 86.6, 183.9 233.8, 496.0
Fig. 5. Comparisons of Vmin calculated using data of the wax method and gauges. (a) AS0¼20–21 cm2, pv¼93.9 to 97.5 kPa and (b) AS0¼80–
168 cm2, pv¼93.9 to 97.5 kPa.
T. Umezaki, T. Kawamura / Soils and Foundations 53 (2013) 47–63 51Fig. 5(a) and (b) shows comparisons of the values for
Vmin as calculated using the parafﬁn wax method andgauges for two ranges in As0. The values for Z in this ﬁgure
are coefﬁcients of concordance, as calculated using the
Table 4
Examples of deformation in vacuum evaporation (Wakasato silt).
(a) Small specimen (As0¼21.0 cm2) (b) Large specimen (As0¼146.8 cm2)
(a-1) (a-2) (a-3) (b-1) (b-2) (b-3)
t (min) t0¼0 60 540 t0¼0 60 2790
w (%) w0¼32.0 24.7 2.4 w0¼35.8 32.6 1.8
V (cm3) V0¼7.2 6.7 VminE6.3 V0¼136.0 129.7 VminE115.5
Sr (%) Sr0¼97.3 86.4 9.9 Sr0¼101.0 101.5 7.3
Fig. 6. Example of vacuum evaporation test results obtained using
de-aired pure water.
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Z¼ 1 RMSEﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
Z^ðiÞ=N
q
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
ZðiÞ=N
p ð1Þ
RMSE¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
X
Z^ðiÞZðiÞ 2
r
ð2Þ
RMSE stands for the root mean square error, and
P
ZðiÞ
represents the value obtained using the wax method, deﬁned
as the true value. In addition,
P
Z^ðiÞ denotes the value
obtained using gauges, deﬁned as the estimated value; N is the
number of data. As shown in Fig. 5(a) and (b), the values for
Z are greater than Z¼0.947 for all the specimens, and the
average value is larger than Z¼0.966, independent of the kind
of soil, vacuum pressure, initial water content, and initial
surface area. The measurement accuracy when using the
gauges is almost equal to that obtained when using the wax
method at Vmin, for which the amount of shrinkage is greatest
during this test. Table 4 shows the changes in shape caused by
shrinkage. There are two sizes of specimens of Wakasato silt
with w0¼0.71 and 0.80 wL and As0¼21.0 and 146.8 cm2.
Shrinkage occurs almost uniformly in both cases from the
beginning of the application of vacuum pressure until the no-
shrinkage phase. Therefore, in all the test cases, the volume
change of each specimen was measured using gauges. The
wax method, the laser method (Garnier et al., 1997; Braudeau
et al., 1999), or the mercury metal method (British Standards
Institute (BSI), 1990) should be used if no uniform shrinkage
of a specimen occurs in the vacuum evaporation tests.
3. Test results and discussion
3.1. Evaporation rate of pore water subjected to vacuum
pressure
Firstly, the vacuum pressure at which the vacuum
evaporation occurs is examined in detail. Fig. 6(a)–(e)
shows examples of the vacuum evaporation test results of
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increased gradually. Dm represents the amount of evapora-
tion calculated from the change in mass, where (Dm/As0)/
dt is the rate of evaporation, as calculated using the
amount of evaporation per 1 cm2 during 1 h. For the
range of pv493 kPa (9pv9o93 kPa), which is equivalent
to about 95% of the saturated vapor pressure at a room air
temperature of 23 1C, 98.5 kPa, the amount of evapora-
tion is very small. The evaporation rate is close to zero, as
shown in Fig. 6(a)–(c). Then, as shown in Fig. 6(d) and (e),
the relative humidity in the desiccator balances at about
80% and the desiccator temperature hardly changes. For
the range of pvo93 kPa (9pv9493 kPa), the amount of
evaporation increases gradually, as depicted in Fig. 6(b).As the vacuum pressure increases, the evaporation rate
increases and the relative humidity decreases, as shown in
Fig. 6(c) and (d). The relative humidity balances at a
constant value for a vacuum pressure because there is
water of sufﬁcient quantity for continuous evaporation, as
depicted in Fig. 6(a) and (d). Although the data are not
shown, the relative humidity was conﬁrmed as falling to
less than 10% when the water disappeared. As depicted in
Fig. 6(e), the decrease in temperature is slight because the
amount of evaporation is very small and the desiccator is
situated in a thermostatic chamber.
Fig. 7(a)–(c) shows changes in the evaporation rate with
elapsed time for every level of vacuum pressure. The ﬁgure
represents the results of As0¼0.9, 30.2, and 183.9 cm2,
respectively. For these cases, vacuum evaporation does not
occur at vacuum pressures lower than about 93 kPa
(9pv9o93 kPa). However, for the range of pvo93 kPa
(9pv9493 kPa), vacuum evaporation occurs and the value of
(Dm/As0)/ dt is slightly larger immediately after applying
vacuum pressure. Furthermore, although the values ﬂuctu-
ate, they become almost constant with elapsed time. A ﬁlm
of water forms near the tip of the meniscus on a surface
contacting one of the glass containers. Evaporation occurs
rapidly there (Wayner, 1997). Therefore, the smaller the As0
becomes, the faster the evaporation occurs. Moreover, the
ﬂuctuation of the evaporation rate must increase concomi-
tantly with the decreasing As0.
Fig. 8 presents data showing the relation of the evaporation
rate of the de-aired pure water and the vacuum pressure for
every As0. Fluctuations in the evaporation rate, depicted in
Fig. 7, are presented as different patterns for every As0 in
Fig. 8. Vacuum evaporation hardly occurs when the vacuum
pressure is lower than about 93 kPa (9pv9o93 kPa), which
is equivalent to about 95% of the saturated vapor pressure,
98.5 kPa, at a room air temperature of 23 1C. However,
when the vacuum pressure becomes greater than about
93 kPa (9pv9493 kPa), then vacuum evaporation occurs.
The higher the vacuum pressure is and the smaller the initial
surface area is, the higher the evaporation rate becomes for
de-aired pure water.
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soil were investigated using constant vacuum pressure
testing, as shown in Table 3. Fig. 9(a-1)–(c-6) presents
examples of the test results, for which m/m0 is the ratio of
the mass and e is the void ratio. They are the results of the
test cases using Kaolin clay with w0/wL¼0.69–0.92 and
As0¼21–203 cm2, Kurita clay with w0/wL¼0.59–0.79 and
As0¼20–205 cm2, and Wakasato silt with w0/wL¼0.71–
0.81 and As0¼21–151 cm2. The data for the two cases of
Wakasato silt, shown in Table 4, are also depicted in
Fig. 9(c-1)–(c-6). The values for m/m0, V/V0, w, e, and Sr
decrease with time, and ﬁnally they converge to constant
values and the specimens reach the no-shrinkage phase.
The converged values for V and e are Vmin and minimum
void ratio emin. The smaller the As0 is, the more rapidly
desiccation occurs. Here, w and Sr become almost zero if
vacuum pressure is applied for a sufﬁcient time. A small
specimen with As0E20 cm
2, subjected to pvE96 kPa,
reaches wE0% and SrE0% after about 500 min.
In contrast, a large specimen with As0E150 cm
2, subjected
to pvE96 kPa, reaches the same conditions after about
3000 min. Based on the test results, the relative humidity in
the desiccator decreases gradually because of a decrease in
the water content of the soil, and ﬁnally it falls to less than
10% when the water in the soil disappears. Then, the
temperature in the desiccator hardly changes. Such beha-
viors of the relative humidity and the temperature, which
are not presented in Fig. 9, can be understood easily from
the discussion on the vacuum evaporation of de-aired pure
water depicted in Fig. 6. In this study, the vacuum
evaporation method, for which only vacuum pressure is
controlled, was applied to the soil in a thermostatic
chamber. However, the relative humidity and the tempera-
ture in the desiccator were not controlled. Many cases of
vacuum evaporation tests were conducted under the test
conditions presented in Table 3. Based on those test
results, the uniform relations presented in Figs. 12 and
15 were obtained, as will be discussed later.
Fig. 10(a) and (b) shows changes in the evaporation rate
with elapsed time for all the samples obtained from the
constant vacuum pressure tests. Fig. 10(a) presents the
results obtained for the small specimens (As0¼20–21 cm2),
while Fig. 10(b) shows the results for the large specimens
(As0¼113–205 cm2). In all the test cases, evaporation rates
become maximum values within 30–60 min after vacuum
pressure is applied. Subsequently, they decrease quickly.
After about 60 min, they decrease gradually. They become
about zero if sufﬁcient time passes and if the water in the
soil has evaporated.
Fig. 11(a) and (b) shows the relations between the
vacuum pressure and the evaporation rate of maximum,
vmax, and after 60 min, v60, respectively, for all test cases
shown in Table 3. As presented in Fig. 11(a), for the range
of 9pv9493 kPa, vacuum evaporation occurs as well as de-
aired pure water. The line in Fig. 11(a) expresses a
borderline showing whether vacuum evaporation occurs
or not. In Fig. 11(b), the same line is shown. Vacuumevaporation occurs on the right side of the line as well as
vmax. The value of vmax in Fig. 11(a) differs widely in the
range of about 0.02–0.12 g/cm2/h. As compared with the
results for the de-aired pure water, presented in Fig. 8, vmax
is faster or slower than that of the de-aired pure water with
a similar initial surface area. However, the actual surface
area of the pore water in the void is quite a bit smaller than
the As0 of the soil. Therefore, the evaporation rate
considering the actual surface area must have become
quite a bit higher because of the meniscus. In Fig. 11(b),
the value for v60 decreases to 0.01–0.03 g/cm
2/h in all the
test cases. The smaller the As0 is, the more rapidly
evaporation occurs.
3.2. Shrinkage and desaturation properties with decreasing
water content
Fig. 12 shows the relation between emin and w0/wL with
no shrinkage. Under the restricted conditions described in
this paper, the value for emin of the saturated reconstituted
cohesive soil, applying the vacuum evaporation method,
becomes almost constant for every kind of soil, indepen-
dent of the vacuum pressure, the initial water content, and
the initial surface area. However, Watahiki (1986) reported
that ws becomes greater with an increase in the w0 value of
the Kaolin clay in a slurry condition. Those results
demonstrate that the void ratio at ws, es, becomes larger
with an increasing w0. However, Matsuoka et al. (2001)
conducted shrinkage tests on a saturated reconstituted
cohesive soil with applied consolidation pressure levels of
sv¼392 and 980 kPa. Specimens with d0¼3–5 cm and
h0¼6–10 cm were air dried in a room. In the results, the
void ratio after drying was almost unchanged, independent
of w0. Therefore, the results in this paper show that, in the
case of reconstituted cohesive soil, the value for emin
becomes almost constant, independent not only of the
initial water content, but also of the vacuum pressure and
the initial surface area.
Fig. 13 shows the relation between es, obtained from
the shrinkage parameter tests (JIS A 1209: 2009), and
emin, obtained from the vacuum evaporation tests. In this
ﬁgure, the average values and the range in data are shown
for all the test cases. The value for ws is calculated as an
intersection of the normal shrinkage line, which is
Sr¼100%, and the no-shrinkage line, as presented in
Fig. 1(a). Furthermore, the value for es was calculated as
es¼Gsws/100 from the test results, where Gs is the speciﬁc
gravity of the soil particles. As presented in Fig. 13, the
relation of esemin is obtainable independently of the
kind of soil, the vacuum pressure, the initial water
content, and the initial surface area. It is expressed as
follows:
emin ¼ aes  1:15es ð3Þ
The values for emin are not equal to es because the
shrinkage parameter tests of JIS are conducted for the
slurry condition by air drying, in which the evaporation
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determined from Eq. (4) without shrinkage parameter tests
which require an extremely long time.
ws ¼
esSr
Gs
¼ ð1=aÞemin100
Gs
 87 emin
Gs
ð4Þ
Fig. 14 presents a comparison of the experimental
values, ws, obtained from the shrinkage parameter tests
and the calculated values, ws(cal), using Eq. (4), obtained
from the results of vacuum evaporation tests. The values
for ws(cal) are larger than those for ws. The difference
between them is within about 3%. Therefore, the value for
ws(cal) is appropriate for use in estimating the soil proper-
ties in civil engineering works. The shrinkage parameter
tests of JIS need about one week. However, a rough value
for ws is obtainable within one day by performing vacuum
evaporation tests for a small specimen, without measure-
ment, before the no-shrinkage phase.
Fig. 15(a-1)–(f-3) show the relations among wV/V0,
we, and wSr for all the cases presented in Table 3. All
the data are shown by classiﬁcation according to the initial
water content and the initial surface area, as shown in the
notations in the ﬁgures. The calculated lines described inthe next section are also shown. Every relation is discussed
as follows.
The relations of wV/V0 are discussed from Fig. 15(a-1)
and (b-1)–(f-1). In all the test cases, the different relations
are apparent for every w0. When the initial water content is
low, the relations shift upwards. For the four clays, the
relations of wV/V0 can be approximated as bilinear
relations. The lines bend near ws independently of pv and
As0. For NSF clay, Kaolin clay, and Kasaoka clay, the
residual shrinkage phase presented in Fig. 1(a) disappears
and the no-shrinkage phase is wide. Kazama and
Takahashi (1998) discussed the shrinkage properties of
reconstituted Kaolin clay with sv¼78.4 kPa, w0¼55.0%,
and wLE83%. The test procedure was similar to that of
the shrinkage parameter tests of JIS. Many specimens were
used and the volume after shrinkage was measured using
the wax method. The results show that the residual
shrinkage phase disappears and that the no-shrinkage
phase begins near the shrinkage limit for NSF clay, Kaolin
clay, and Kasaoka clay. However, for Kurita clay, the
residual phase appears widely and the no-shrinkage phase
is narrow. For Wakasato silt and Chikuma River silt, the
values for V/V0 decrease gradually to (V/V0)min. The
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guishable. For Kurita clay, Wakasato silt, and Chikuma
River silt, the clay fraction is smaller than 50% and the
sand fraction is larger than 10%.
The relations of we, which are rewritten as wV/V0,
are discussed from Fig. 15(a-2) and (b-2)–(f-2). For clays,
the values for e decrease linearly from every w0 as well as
those for V/V0. For silts, the values for e decrease
gradually from every w0. For all soils, independent of pv,
w0, and As0, for the range of wZ ws, the values for Sr
decrease from Sr¼100% to SrE90%, and for the range of
wows, those for e converge to the unique value of emin for
every soil. The values of the water content at Sr¼90% are
slightly larger than ws. Kazama and Takahashi (1998)
reported that the ew relation in the shrinkage curves for
the reconstituted and the slurry Kaolin clays exhibited a
unique relation that is independent of w0. However, in our
data, the shrinkage curves for wZ ws differ from every w0.
That difference is especially clear for NSF clay and
Kaolin clay.
The relations of wSr are discussed from Fig. 15(a-3)
and (b-3)–(f-3). In all the soils, the relations decrease
linearly from Sr¼100% to SrE90% for every w0 inde-
pendent of pv and As0. Furthermore, for the range ofSro90%, they become almost a unique straight line
through the origin, Sr¼0%, for every soil, independent
of all the test conditions.
Based on the test results described above, the continuous
relations of we, wV/V0, and wSr for any w0 are
easily obtainable using one saturated reconstituted speci-
men and applying the vacuum evaporation method. For
example, by applying a vacuum pressure of about 96
kPa to a small specimen (d0E2.0 cm, h0E1.5 cm, w0/
wL¼0.6–0.9), these relations are rapidly obtainable,
namely, in several hours.3.3. Modeling of shrinkage and desaturation properties
Fig. 16(a)–(c) shows bilinear models of the three rela-
tions of we, wV/V0, and wSr based on the test
results.
As presented in Fig. 16(a), for every w0, the relation of
we can be modeled using a bilinear line that bends at the
intersection of Sr¼Srn with emin. Here, the value for Srn,
obtained from the test results, is almost 90%, and the
water content at Sr
n is deﬁned as ws
n. The relation of Sr
n and
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n can be expressed as shown below:
wns ¼
eminSr
n
Gs
ð5Þ
In the range of wZws
n, the value for e decreases from
every w0 and the relation of we can be estimated using
Eq. (6a). Furthermore, for the range of wowsn, the value
for e becomes a constant value for emin. Consequently, the
relation can be expressed as Eq. (6b).
eemin
e0emin
¼ ww
n
s
w0wns
wZwns
  ð6aÞ
e¼ emin ðwns4wÞ ð6bÞ
As presented in Fig. 16(b), the relation of wV/V0 can
be modeled as a bilinear relation similar to the we
relations. In the range of wZws
n, the value for V/V0decreases from every w0, and the relation for wV/V0
can be estimated as shown in Eq. (7a). Furthermore, for
the range of wowsn, the value for V/V0 becomes a constant
value for (V/V0)min. It can be expressed as Eq. (7b).
1V=V0
1ðV=V0Þmin
¼ w0w
w0wns
wZwns
  ð7aÞ
V
V0
¼ V
V0
 
min
ws
n4w
  ð7bÞ
where (V/V0)min is calculable by following the equation
using emin.
V
V0
 
min
¼ Vmin
V0
¼ ð1þeminÞm0
1þ w0
100
 
rs
1
V0
ð8Þ
As presented in Fig. 16(c), the relation of wSr can also
be modeled as a bilinear line that bends at one point (ws
n,
Sr
nE90%). In the range of wZws
n, the value for Sr
decreases linearly from every w0. The relation of wSr
can be estimated using Eq. (9a). Furthermore, for the
range of wowsn, the value for Sr decreases linearly to the
origin, Sr¼0%, and the relation of wSr can be estimated
using Eq. (9b).
Sr0Sr
Sr0Snr
¼ w0w
w0wns
wZwns
  ð9aÞ
Sr ¼
Gsw
emin
ws
n4w
  ð9bÞ
Fig. 17(a) and (b) summarizes two ﬂows to estimate the
shrinkage and the desaturation properties using the pro-
posed model. Performing vacuum evaporation tests for
reconstituted cohesive soil, the shrinkage and the desatura-
tion properties can be estimated using the ﬂow in
Fig. 17(a). The initial conditions of the proposed model
are V0, m0, and w0, and the soil properties are rs or Gs. The
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Fig. 17(a), in the vacuum evaporation tests, the value for
emin is calculable only from the data when the water
content becomes almost zero at the non-shrinkage phase
without all the data from the experiments. As shown in
Fig. 17(b), parameter Sr
n is the value inferred from the test
results. It is assumed as Sr
n¼90% for all the soils examined
in this paper.
The ﬂow presented in Fig. 17(b) is for performing the
shrinkage parameter test. The only experimental parameter
is ws
n. Using Eq. (3), the value for ws
n can be determined asfollows:
wns ¼
eminS
n
r
Gs
¼ aesS
n
r
Gs
¼ 1:15es90
Gs
 1:04ws ¼ bws ð10Þ
In the equation, the relation between a and b is the
following:
b¼ S
n
r
100
 
a ð11Þ
Fig. 15. Continued.
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has already been obtained, the shrinkage and the desatura-
tion properties can be estimated roughly without perform-
ing any tests.
In Fig. 15(a-1)–(f-3), the calculated lines based on the
proposed model using emin and Sr
n are shown for several w0
where Sr
n¼90% was used. The calculated lines of wV/V0
for Wakasato silt and Chikuma River silt differ slightly
from the experimental values. Except for the wV/V0
relations for these silts, the calculated lines of wV/V0,
we, and wSr almost agree with the experimental
values. Regarding the wV/V0 relation, for all soils, the
values for (V/V0)min are not in complete agreement withthe calculated values because the average value for emin for
all the data for every soil was used. The accuracy of the
proposed model was evaluated quantitatively as follows.
Fig. 18(a)–(c) presents comparisons of the calculated
and the experimental values using emin and Sr
n¼90% for
all the plots shown in Fig. 15(a-1)–(f-3). In these ﬁgures, all
the plots move from the upper right-hand side to the lower
left-hand side with decreasing water contents during the
vacuum evaporation tests. Calculated and experimental
values are expressed by subscripts (cal) and (exp), respec-
tively. Coefﬁcients of concordance, Z, in the ﬁgures are
calculated using Eq. (1). As presented in Fig. 18(a), the
values of Z for V/V0 are larger than 0.990 for all soils.
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Fig. 15. Continued.
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differences between the calculated and the experimental
values are within þ0.05 or 0.03. As presented in
Fig. 18(b), the values of Z for e are larger than 0.979 for
all soils, and the maximum difference between the calcu-
lated and the experimental values is within þ0.15.
As presented in Fig. 18(c), for the four clays, the values
of Z for Sr are larger than 0.806. For Wakasato silt and
Chikuma River silt, the values are Z¼0.738 and Z¼0.796,
and the difference in the range of Sr¼80–90% is within
þ5% or 10%. However, their mutual difference was
small. Therefore, the relations of wV/V0, we, and
wSr, based on the proposed model using emin andSr
n¼90%, show sufﬁcient agreement with the experimental
values for all soils used for civil engineering works.
In Fig. 15(a-1)–(f-3), if the experimental value for Sr
n for
every soil is used, the accuracy of the model becomes higher.
Fig. 19(a)–(c) presents comparisons of the calculated
and the experimental values using ws where Sr
n¼90% is
assumed. In this ﬁgure, the solid lines are the same as those
for Fig. 18(a)–(c). As presented in Fig. 19(a), except for
Wakasato silt, the values of Z for V/V0 are larger than
0.985 and the maximum difference is within þ0.05 or
0.03, as was also true for Fig. 18(a). For Wakasato silt,
the value is Z¼0.969 and the maximum difference is within
þ0.1. As presented in Fig. 19(b), the values of Z for e are
ew (%)w00
Sr=Sr* 90%
Sr=100%
w0
Eq. (6b)
ws
*
emin
e0
e0
Eq. (6a)
Sr (%)
w (%)w00
Sr* 90%
100%
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w0ws
*
Eq. (9a)
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w (%)w00 ws* w0
Eq. (7b)
1
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(V/V0)min
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Fig. 16. Bilinear models of shrinkage and desaturation properties for
reconstituted cohesive soil.
Fig. 17. Flows to estimate shrinkage and desaturation properties. (a)
Vacuum evaporation test and (b) Shrinkage parameters test.
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is within about þ0.15, as was also true for Fig. 18(b).
As presented in Fig. 19(c), for the four clays, the values of
Z for Sr are larger than 0.597. For Wakasato silt and
Chikuma River silt, the values are Z¼0.390 and Z¼0.769.
For Kasaoka clay and Wakasato silt, the maximum
difference appears between Sr¼60–80% and it is within
þ5% or 20%. Except for these two soils, the values of Z
for Sr are greater than 0.634, but the maximum difference
is within þ5% or 10%, as was also true for Fig. 18(c).
Using only the basic physical parameter, ws, the shrinkage
and the desaturation properties can be estimated roughly
without any tests. Therefore, the proposed model is
extremely useful.4. Conclusions
The shrinkage properties of cohesive soil are inﬂuenced
by the soil structure, the initial water content, the claymineral type, the clay content, the organic matter content,
the kind and the concentration of the cation of the pore
water, the drying condition, and other factors. As
described herein, the vacuum evaporation method pro-
posed by the authors was applied to six saturated recon-
stituted cohesive soil samples. Their shrinkage and
desaturation properties during desiccation were investi-
gated and modeled. Test conditions were a vacuum
pressure of pv¼93.9 to 97.5 kPa, an initial water
content of w0¼0.59–0.92 wL, and an initial surface area
of As0¼20–205 cm2. Firstly, the pore water evaporation
rate, subjected to vacuum pressure, was investigated. Next,
properties of wV/V0, we, and wSr were discussed.
Then, a modeling of these three relations was proposed
based on those properties. The main conclusions are given
in the following.(1) As in de-aired pure water, the vacuum evaporation of
the pore water in saturated reconstituted cohesive soil
occurs at the values of vacuum pressure higher than
about 93 kPa (9pv9493 kPa), which is equivalent to
about 95% of the saturated vapor pressure, 98.5
kPa, under a room air temperature of 23 1C. When the
vacuum evaporation is continued, the soil reaches an
almost absolutely dry condition.(2) In the test conditions described in this paper, the pore
water evaporation rate in the saturated reconstituted
cohesive soil applied vacuum pressure is higher than that
of air drying, but it is very low. The evaporation rate
immediately after applying the pressure reaches a max-
imum. The maximum values differ widely between about
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Fig. 19. Accuracy of the model calculated using 1.04ws and Sr
*¼90%.
T. Umezaki, T. Kawamura / Soils and Foundations 53 (2013) 47–63620.02 and 0.12 g/cm2/h. However, after about 60 min, the
values decrease to 0.01–0.03 g/cm2/h, and then decrease
even further with elapsed time irrespective of the kind of
soil, the vacuum pressure, and the initial water content.
However, the smaller the initial surface area is, the higher
the evaporation rate becomes.(3) Under the test conditions, the minimum value of the void
ratio, emin, at the no-shrinkage phase of the saturated
reconstituted cohesive soils applied vacuum pressure
becomes constant for every kind of soil, independent ofthe vacuum pressure, the initial water content, and the
initial surface area. Based on the experimental results, the
relation eminE1.15 es is obtained in which es is the void
ratio corresponding to the shrinkage limit, ws. Therefore,
the shrinkage limit can be determined using the relation
of wsE87(emin/Gs).(4) Using the vacuum evaporation method under these
conditions, the continuous relations of wV/V0, we,
and wSr for every kind of soil and under different
initial water contents are obtainable more easily and
T. Umezaki, T. Kawamura / Soils and Foundations 53 (2013) 47–63 63more rapidly than when using the conventional method
of air drying. However, these relations are not inﬂu-
enced by vacuum pressure or initial surface area. For
example, if vacuum pressure of about 96 kPa is
applied to a small specimen (w0E0.6–0.9 wL, d0E2.0
cm, and h0E1.5 cm), then three continuous relations
and the value for emin are obtainable rapidly, namely,
in several hours. Furthermore, the values for ws are
then calculable more easily than when using the JIS test
procedure.(5) In the relations of wV/V0 and we, for the four
clays, the relation for every initial water content can be
approximated as two straight lines that bend near ws,
independently of the vacuum pressure and the initial
surface area. Meanwhile, for the two silt samples, the
values for V/V0 and e gradually decrease to (V/V0)min and
emin, respectively, and both the residual and
no-shrinkage phases are nearly indistinguishable. In the
we relation for all soils, in the range of wZws, the
values for Sr decrease from Sr¼100% to SrE90%, and
at wows, those for e converge to the unique value of emin
independent of the test conditions. For the wSr rela-
tions for all soils, the relations decrease linearly from
Sr¼100% to SrE90% for every initial water content,
independent of the vacuum pressure and the initial surface
area. For Sro90%, they become almost a unique straight
line through the origin, Sr¼0%, for all soils, independent
of the test conditions.(6) Three relations, wV/V0, we, and wSr, were for-
mulated as bilinear lines based on the experimentally
obtained results. The only experimental parameter is emin.
In vacuum evaporation tests, the value for emin is
calculable solely from the data obtained when the water
content becomes almost zero at the non-shrinkage phase
without all the data from the experiments. Parameter Sr
n
is the value assumed from the test results. It is assumed as
Sr
n¼90% for all soils examined in this paper. The three
relations show a good agreement with the experimentally
obtained results for use in civil engineering works.
Furthermore, if the basic physical parameter, ws, is
already obtained, then the three relations can be estimated
roughly without any tests.References
ASTM, 2008. D4943–08 Standard test method for shrinkage factors of
soils by the wax method.
Braudeau, E., Costantini, J.M., Bellier, G., Colleuille, H., 1999. New
device and method for soil shrinkage curve measurement and
characterization. Soil Science Society of America Journal 63, 525–535.
British Standards Institute, 1990. Determination of shrinkage character-
istics, methods of test soils for civil engineering purpose, Part 2:
Classiﬁcation Test, BS1377-2: 1990, pp. 14–23.
Crescimanno, G., Provenzano, G., 1999. Soil shrinkage characteristic
curve in clay soils: measurement and prediction. Soil Science Society
of America Journal 63, 25–32.Garnier, P., Rieu, M., Boivin, P., Vauclin, M., Baveye, P., 1997.
Determining the hydraulic properties of a swelling soil from a
transient evaporation experiment. Soil Science Society of America
Journal 61, 1555–1563.
Hanes, W.B., 1923. The volume-changes associated with variations of
water content in soil. Journal of Agricultural Science 13, 296–310.
Inoue, T., Umezaki, T., Kawamura, T., 2005. A method for preparing
unsaturated clay specimen using vacuum evaporation (Part 2). In:
Proceedings of the 40th Japanese Geotechnical Society Annual Meet-
ing, Hakodate, Japan, pp. 883–884 (in Japanese).
Japanese Geotechnical Society, 2009. Test method for shrinkage para-
meters of soils (JIS A 1209: 2009), Geotechnical Testing Standards,
pp. 153–161 (in Japanese).
Kato, S., Konda, T., Shinkai, H., 2006. Effect of suction reduction caused
by wetting process on shear strength characteristics under low
conﬁning pressure. Doboku Gakkai Ronbunshuu C 62 (2), 471–487.
Kazama, H., Takahashi, R., 1998. Behavior of volume change in drying
and shrinkage process of clays. In: Proceedings of the 33rd Japanese
Geotechnical Society Annual Meeting, Yamaguchi, Japan, pp. 375–
376 (in Japanese).
Matsuoka, H., Son, T., Morichi, K., Hasegawa, M., Tanaka, K., Tajima,
Y., 2001. The inﬂuence of methods for making samples on shrinkage
characteristics of clay. In: Proceedings of the 56th Japan Society of
Civil Engineers Annual Meeting, Kumamoto, Japan, III, pp. 10–11 (in
Japanese).
McGarry, D., Malafant, K.W.J., 1987. The analysis of volume change in
unconﬁned units of soil. Soil Science Society of America Journal 51,
290–297.
Peng, X., Horn, R., 2005. Modeling soil shrinkage curve across a wide
range of soil types. Soil Science Society of America Journal 69, 584–592.
Stirk, G.B., 1954. Some aspects of soil shrinkage and the effect of
cracking upon water entry into the soil. Australian Journal of
Agricultural Research 5, 279–291.
Toyoda, T., Kawakami, H., Takagi, R., 1996. Consistency limits in soils
and soil moisture characteristics. In: Proceedings of the 31st Japanese
Geotechnical Society Annual Meeting, Kitami, Japan, pp. 523–524 (in
Japanese).
Umezaki, T., Kawamura, T., 2000. Evaporation properties of pore water in
soft clay under vacuum pressure. In: Proceedings of the 4th Symposium
on Ground Improvement, Osaka, Japan, pp. 201–208 (in Japanese).
Umezaki, T., Kawamura, T., Muto, H., Koaizawa, T., 2008. A method
for preparing unsaturated clay specimen using vacuum evaporation
(Part 3). In: Proceedings of the 43rd Japanese Geotechnical Society
Annual Meeting, Hiroshima, Japan, pp. 747–748 (in Japanese).
van Genuchten, M.T., 1980. A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Science Society of
America Journal 44, 892–898.
Watahiki, K., 1986. An idea on shrinkage limit of kaolin clay.
In: Proceedings of the 21st Japanese Geotechnical Society Annual
Meeting, Sapporo, Japan, pp. 123–124 (in Japanese).
Watahiki, K., 1987. The shrinkage limit and strength of kaolin clay.
In: Proceedings of the 22nd Japanese Geotechnical Society Annual
Meeting, Niigata, Japan, pp. 159–160 (in Japanese).
Watahiki, K., 1989. Some factors affect shrinkage limit (Part 1).
In: Proceedings of the 24th Japanese Geotechnical Society Annual
Meeting, Tokyo, Japan, pp. 287–288 (in Japanese).
Watahiki, K., 1990. Some results of tests on shrinkage limits (3).
In: Proceedings of the 25th Japanese Geotechnical Society Annual
Meeting, Okayama, Japan, pp. 273–274 (in Japanese).
Watahiki, K., 1991. On the factors which affect the shrinkage limit of
soils. In: Proceedings of the 26th Japanese Geotechnical Society
Annual Meeting, Nagano, Japan, pp. 269–270 (in Japanese).
Wayner, P.C., 1997. Interfacial forces and phase change in thin liquid
ﬁlms. In: Tien, C.L., Majumdar, A., Gerner, F.W. (Eds.), Microscale
Energy Transfer. Taylor & Francis, New York, pp. 187–226.
